The Neu (ErbB2, HER2) member of the epidermal growth factor receptor family is implicated in many human breast cancers. We have tested the importance of increased angiogenic signaling in the NeuYD Overall, these results demonstrate the angiogenic restriction of early hyperplastic mammary lesions. They also reinforce in vivo the importance of activated Neu in causing disorganization of mammary luminal epithelial cell junctions and provide support for an invasion-independent mechanism of metastasis.
INTRODUCTION
Activation of Neu (HER2, ErbB2), a member of the epidermal growth factor receptor family, has been implicated in the progression of a subset of human breast cancers. The evidence includes the amplification and elevated expression of ErbB2 in human breast cancers, the clinical efficacy of anti-ErbB2 antibodies for patients with elevated ErbB2 levels, and mammary tumors arising in transgenic mice as a consequence of mammary epithelial expression of oncogenic forms of Neu (1, 2) . Systematic investigations of the mechanisms by which activated Neu induces tumor formation and metastasis have revealed distinct and overlapping transforming signals emanating from four of five tyrosine autophosphorylation sites (3) . Use of add back mutants, in which only one of the five autophosphorylation sites is capable of signaling, revealed that recruitment of Shc (Src homology 2 domain-containing transforming protein 1) to Neu tyrosine 1227 within the context of an activating extracellular deletion was sufficient to generate mammary tumors similar to those caused by the fully competent oncogene and resembling human comedocarcinoma (4) . This form of Neu was also shown capable of causing disruption of epithelial cell interaction but was limited in its ability to induce invasive behavior in vitro (5) . Tumors arising in mice expressing NeuYD driven by the MMTV promoter did not efficiently metastasize to the lung.
Vascular endothelial growth factor (VEGF) A is a critical angiogenic growth factor necessary for the development, remodeling, and control of permeability of blood vessels (6, 7) . Of the three major forms of VEGF (VEGF 121 , VEGF 164 , VEGF 189 ), VEGF 164 rescues the vasculature of VEGF-deficient tumor cells most efficiently (8) . In transgenic mice, VEGF 164 is a potent angiogenic stimulus (9) . The transition of hyperplasia to neoplasia has been correlated with the induction of angiogenesis (10) . The acquisition of angiogenic activity during pancreatic tumor formation in transgenic mice involves VEGF and its mobilization by the action of matrix metalloproteinase-9 (11, 12) . Transgenic expression of VEGF in pancreatic tumors accelerates the onset of tumors but does not increase metastasis (13) . During skin tumor progression, inflammatory cells contribute metalloproteinase to mobilize VEGF from extracellular matrix (14) . In breast cancer cells, ErbB2 signaling may increase VEGF expression (15, 16) through phosphatidylinositol 3Ј-kinase and AKT-dependent increased hypoxia-inducible factor-1␣ synthesis (17) . The coactivation of epidermal growth factor receptor (EGFR, ErbB1) or ErbB3 signaling in Neu-initiated mammary tumors (18) and the demonstrated importance of phosphatidylinositol 3Ј-kinase in polyomavirus middle T antigeninduced tumors (19) may reflect requirements for increasing VEGF expression in mammary tumor cells.
Increased tumor vessel density is correlated with metastasis and poor outcome. Currently, tumor metastasis is thought to involve increased tumor cell motility and invasion of vascular or lymph vessel spaces, movement to a distal site, and infiltration across cellular and basement membrane barrier (20, 21) . However, a noninvasive mechanism of metastasis has been suggested on the basis of analysis of a highly angiogenic and metastatic experimental tumor (22) . For a highly angiogenic tumor, tumor emboli may bud off into tumor vascular spaces and lodge in the capillary beds of distal organs, where they may grow noninvasively.
Here we have tested the importance of angiogenesis on the progression of Neu initiated mammary tumors by generating transgenic mice that express both NeuYD and VEGF 164 in the luminal epithelial cells of the mammary gland. Our results demonstrate a key role of angiogenesis on the very early progression of mammary hyperplastic disease, reinforce in vivo the role of Neu in causing disorganization of the polarized mammary epithelium, and show that increased vascularity of tumors leads to increased metastasis, apparently by an invasion-independent mechanism.
MATERIALS AND METHODS
Vector Construction. The murine cDNA coding for the 164-residue form of VEGF was cloned from mouse kidney RNA by reverse transcription-PCR with the primers shown in Table 1 . This amplified a 707 bp region of the VEGF mRNA (GenBank accession no. NM_009505) including 56 nucleotide(s) (nt) of the 5Ј noncoding region and 77 nt of 3Ј noncoding region coding. Cleavage of the peptide leader of the cloned form would generate VEGF 164 . After digestion with HinDIII and EcoRI, the amplified fragment was cloned into the MMTV vector (1) and sequenced.
Transgenic Mice. MMTV-VEGF transgenic mice were generated by a standard pronuclear DNA injection and screened by PCR of tail DNA for the presence of the MMTV vector or specifically for the MMTV-VEGF transgene (Table 1) . Of 21 transgenic founders detected by PCR, 16 transmitted the transgene, and 14 were screened for transgene expression in virgin mammary gland. Two moderately expressing lines, MMTV-VEGF-25 (VEGF-25) and MMTV-VEGF-64 (VEGF-64), and one very high level expressing line, MMTV-VEGF-89 (VEGF-89), were examined in more detail.
Mammary Tumor Analysis. VEGF-25 and VEGF-64 mice were mated to the MMTV-Neu ndl -YD5 (NeuYD) line that develops mammary tumors with 100% penetrance (4). The PCR primers for genotyping these animals are shown in Table 1 . A subset of animals was also mated to the FVB/N-TgN (TIE2-lacZ) 182Sato (Tie2-LacZ) transgenic animals obtained from the Jackson Laboratory for visualization of endothelial cells. Histochemical staining for ␤-galactosidase of ear punch pieces was routinely used for the identification of these transgenic mice. All three mouse lines were in the FVB/N genetic background. Female animals with the appropriate genotypes were examined for tumors by palpation three times weekly starting at 30 days of age. After discovery, the length and width of tumors were measured with calipers minimally three times weekly until the tumors reached approximately 1 cm in diameter. Tumor volume was calculated as (length ϫ width 2 )/2. Tumor growth was measured for the single largest tumor of 11 NeuYD;VEGF-25 mice and 9 NeuYD mice. Average values represent between 3 and 11 individual values for each time point. Linear regression analysis of all the data points and comparisons of the slopes were performed by Prism software (GraphPad).
Protein Analysis. VEGF protein was measured with an ELISA assay (R&D Systems). Frozen tissues were homogenized in the provided lysis buffer, and tissues lysates were cleared by centrifugation at 15,000 ϫ g at 4°C. If present, the fat layer was discarded, and the cleared protein lysate was used. Protein content of tissue lysates was determined with the Bio-Rad detergentcompatible protein assay.
For the analysis of Neu, ErbB2, Grb2, and Akt, tissue samples were prepared and analyzed by electrophoresis and immunoblotting as described previously (4) .
Histology. Mammary fat pads were excised, mounted on glass slides, fixed in acidic ethanol (Carnoy's fixative or buffered formaldehyde), and stained with carmine alum overnight (23) . For visualization of bacterial ␤-galactosidase, mammary tissues were fixed and stained as described previously (24) . Apoptotic cells were identified with a commercial terminal deoxynucleotidyltransferase-mediated nick end labeling staining kit (Apotag kit; Intergen) according to the instructions of the manufacturer. For vascular perfusion of the mammary gland, animals under deep anesthesia were perfused through the left ventricle with the use of a peristaltic pump and a volume equal to 50% of the body weight of the animal. Colloidal carbon particles from Higgins India ink were sized by differential centrifugation (25) . After resuspension in a starting volume of PBS, material was filtered through 4.5-m nitrocellulose filters and used after diluting 4-fold.
Immunochemistry. Antibody staining of CD31 antigen was performed on formaldehyde-fixed, paraffin embedded tumors. For increased sensitivity, normal and hyperplastic mammary tissue was fixed and extracted overnight in acetone at Ϫ20°C. The tissue was then incubated with 30% sucrose in PBS for several hours at 4°C and frozen in OCT medium for frozen sections. Air dried frozen sections were pretreated with hydrogen peroxide, blocked, washed, and visualized using the Vector Laboratories avidin-biotin complex method kit except mouse-absorbed, biotin-labeled rabbit antirat IgG secondary antibody (Vector Laboratories) was used. The primary antibody was rat monoclonal antibody to mouse CD31 (catalogue no. 557355; PharMingen). For immunofluorescence, mammary glands and tumors were snap frozen in liquid nitrogen. Ten-m cryosections were prepared and fixed in acetone for 10 min. Sections were blocked in 10% FCS in Tris-HCl buffered saline for 30 min and incubated overnight with rat anti-E-cadherin (catalogue no. 13-1900; Zymed) and zonula occludens-1 (ZO-1) antibodies (catalogue no. R26.4C; Developmental Studies Hybridoma Bank, Iowa). Rabbit anti-mouse keratin 18 (26) , rabbit antibody against mouse T-cadherin 5 , rat anti-CD31 (PharMingen) antibodies, and FITC-labeled Bandeiraea simplicifolia lectin B4 (catalogue no. B-1205; Vector Laboratories) were applied the next day for an hour. Antibody binding was detected with Alexa 488 donkey antirabbit and Alexa 594 goat antirat secondary antibodies (Molecular Probes), observed on a Bio-Rad 1024 confocal microscope, and images were analyzed with Photoshop software (Adobe).
In Situ Hybridization. Freshly excised tumors and tissues were fixed in 4% paraformaldehyde-PBS overnight, dehydrated, and embedded in paraffin. VEGF and NeuYD probes were generated from PCR-amplified cDNA fragments using primers incorporating the T7 promoter (Table 1) . In vitro transcription was performed in the presence of digoxigenin UTP (Roche). In situ hybridization was performed as described previously (27) with minor modifications. Briefly, tissue sections were deparaffinated and rehydrated, washed twice in PBS, and postfixed in 4% paraformaldehyde-PBS for 15 min at room temperature. Sections were subsequently washed in PBS before treatment in 0.2 M HCl for 8 min to block endogenous alkaline phosphatases. Sections were washed again and treated with proteinase K (Dako) for 3 min at room temperature. After washing, sections were incubated twice for 15 min in PBS containing 0.1% diethylpyrocarbonate and equilibrated for 15 min in 5ϫ SSC (0.75 M NaCl , 0.075 M Na-citrate) before prehybridization for 2 h at 65°C in hybridization solution (Dako). After denaturing, probes were added to the hybridization mix (200 ng/l), and hybridization was carried out at 65°C for 16 h. Sections were then washed (27) and incubated for 2 h at room temperature with alkaline phosphatase-coupled antidigoxigenin antibody (Boehringer Mannheim) diluted 1:500. Color development was performed with nitroblue tetrazolium at room temperature for 24 h. Sections were counterstained in nuclear red before dehydration and mounting.
RNA Analysis. Total RNA was isolated using Tri-reagent (Molecular Research Center, Inc; Ref. 28) . RNase protection was performed with a commercial kit (RPAIII; Ambion) as recommended by the manufacturer with the angiogenesis probe set (mAngio-1; BD PharMingen) or with the SPA probe for the SV40 splice and polyadenylation region of MMTV206 transgenic vector mRNA probe (19) For quantitative real-time PCR (Q-PCR), cDNA was prepared from 4 g of whole RNA by reverse transcription using oligo(dT) 18 primer and the SuperScript II First-Strand Synthesis System kit (Invitrogen). The PCR primers were designed using Primer 3 software (29) to amplify sequences within 1200 bp of the 3Ј end of the mRNA and span introns when possible. The specific primers are shown in Table 1 . Q-PCR reactions were performed using a LightCycler instrument and the LightCycler SYBR green DNA master mix (Roche, Mannheim Germany). The 10-l Q-PCR reactions were performed essentially as recommended by the manufacturer, containing cDNA derived from 10 ng of whole RNA, a final concentration of 4 mM MgCl 2 , and 0.5 M of each primer. Amplification was initiated at 95°C for 70 s, followed by 42 amplification cycles of 95°C for 0 s, 56°C for 7 s, and 72°C for 20 s. The cyclophilin A (CPH/peptidylprolyl isomerase A) housekeeping gene was used as constant internal reference for each cDNA preparation as described previously (30) . Specificity of the SYBR green Q-PCR signal was monitored by melting curve analysis and by agarose gel electrophoresis analysis, confirming that each Q-PCR product was the anticipated size. Relative gene expression was analyzed using the LightCycler software (version 3.5), which calculated the relative concentration of each specific cDNA to that of CPH cDNA from the same cDNA preparation. This normalized analysis used a standard curve generated for each experiment, relating differences in Q-PCR-crossing thresholds (⌬C T ) to the cDNA concentrations of CPH.
RESULTS

Tolerance of VEGF 164 Expression During Normal Mammary
Gland Development. To test the importance of increased angiogenesis on the progression of Neu/ErbB2 tumors, transgenic mice were constructed which express VEGF 164 in mammary luminal epithelia. A 707 bp form of the VEGF cDNA coding for the 190 residue unprocessed form of VEGF was placed under the control of the MMTV long-terminal repeat promoter (Fig. 1A) . Cleavage of the precursor is expected to generate the 164-residue form of secreted mouse VEGF that retains the proteoglycan-binding domain. Two of the 14 lines were male sterile and discontinued. Eight lines expressed the transgene in female virgin mammary gland. Three lines of mice with higher expression were expanded and examined in greater detail. One of these lines (VEGF-89) required foster care of maternally transmitted progeny. Males of the VEGF-89 line and the two other discarded male sterile lines had testes abnormalities (data not shown) as described by other investigators (31) .
The expression of transgene-encoded RNA in different organs of the VEGF-25 line is shown in Fig. 1B . Expression was high in virgin mammary gland and low but detectable in salivary gland and lung. VEGF mRNA was elevated in the virgin, pregnant, lactating, and involuting mammary tissue of VEGF-25 mice (Fig. 1C , . VEGF protein expression paralleled RNA expression in transgenic mammary tissue (Fig. 1D) . In nontransgenic mammary fat pads, VEGF production by nonepithelial components was confirmed in mammary fat pads cleared of epithelium ( Fig. 1D ) and fat pad without lymph node (Fig. 1D ). Elevated levels of VEGF were found in milk. VEGF protein levels in virgin VEGF-25 transgenic mammary tissue were 28-fold higher than control animals and remained 6-to 12-fold higher than controls at different stages of gland development. VEGF levels were normalized to total protein and were not corrected for the large amounts of secretory proteins generated during pregnancy and lactation. VEGF was very high in the milk of VEGF-25 animals but was not elevated in serum or tissue lysates of organs other than mammary gland (data not shown). VEGF levels in the VEGF-89 line were 2.8-fold higher than VEGF-25 values and 80 times the value for nontransgenic animals. These results are consistent with the reliable mammary epithelial tissue specificity of the MMTV vector and show that the VEGF 164 transgene is expressed in all major stages of mammary gland biology. Transgenic VEGF 164 appears to remain largely localized in mammary tissue and milk.
Normal Mammary Gland Development in VEGF-25 Mice. Although VEGF 164 was overexpressed in the mammary tissues of VEGF-25 mice (and the VEGF-64 line, data not shown), mammary FP, cleared fat pad; FP-LN, fat pad without lymph node; E, pregnant with indicated days; Lac, lactating with indicated days after litter birth; In, involution with the indicated number of days after weaning. VEGF was measured by ELISA assay. E, rescue of VEGF-89 pups by foster mother feeding. Six newborn pups from the VEGF-89 line were fed by a wt ICR strain foster mother (VEGF-89/wt mom, OE) and six wt ICR strain pups were fed by the VEGF-89 mother (wt/VEGF-89, F). The growth of a typical litter of six FVB/N pups is also shown (w/w, f). Individual pups were weighed each day. Each point represents the average and SD.
gland development was not distinguishable from control animals during virgin development, pregnancy, lactation, and involution (Fig.  2, A and B ; additional data not shown). Furthermore, the interaction between mammary fat pad capillaries and mammary epithelial tubules was not dramatically altered in VEGF-25 female mice (Fig. 2, C-F) . However, mothers of the VEGF-89, highly expressing line, were generally unable to support litters because of a lactation defect. This line required propagation of pups by foster mothers because males were sterile. Male sterility was associated with testis and epididymidis abnormalities as described previously (31; data not shown). VEGF-89 lactating mothers revealed a dramatic deficiency of differentiated alveoli (Fig. 2, G and H) . The deficient growth of VEGF-89 pups was confirmed to be attributable to lactation based upon normal growth of VEGF-89 pups (transgenic and nontransgenic progeny) that had foster mothers and the deficient growth of wild-type (wt) pups that had VEGF-89 mothers (Fig. 1E) . Thus, high expression of VEGF 164 can cause female mammary gland and male testis abnormalities. However, more modest levels of the VEGF 164 expression are surprisingly well tolerated by both males and females in the VEGF-25 and VEGF-64 lines.
VEGF 164 Acceleration of Tumor Appearance and Growth. To test the effects of mammary epithelial expression of VEGF on mammary tumor development, the VEGF-25 transgene was combined with the NeuYD transgenic mouse mammary tumor model (4). Tumors Fig. 3A ). This extreme acceleration of tumor appearance was also associated with significantly faster growth of the tumors after appearance (Fig. 3, B and C) . For purposes of clarity, average data for each time point are shown. However, linear regression analysis of all data points of the two types of tumors indicates that the difference in slopes between the two data sets is significant. (P ϭ 0.001). To investigate the dramatic differences in tumor appearance associated with VEGF 164 expression, the early stages of tumor development were examined.
Increased Vascular Association with Hyperplastic Mammary Epithelium. In NeuYD animals during mammary epithelium invasion of the fat pad, hyperplastic epithelia in some but not all epithelial branches were evident in both NeuYD and NeuYD;VEGF-25 mice (Fig. 4, A and B) . VEGF expression did not change these first signs of altered mammary epithelial growth control. However, the appearance of the hyperplastic epithelium was accompanied by preferential association of the vasculature with the hyperplastic epithelium in NeuYD; VEGF-25 animals (Fig. 4, C and F) . The hyperplastic epithelium attracts blood vessels in both NeuYD and NeuYD;VEGF-25 animals, but the bigenic animals have much more extensive and closer association (Fig. 4F) .
The preferential association of new vessels with hyperplastic epithelium was confirmed in sectioned material stained for the endothelial marker CD31 (Fig. 5, A and B) . Endothelial cells were found interdigitating and surrounding hyperplastic and neoplastic epithelial cells (Fig. 5B) . The increased vascularity of the early lesions persisted in solid tumors and generated a distinctive, highly vascularized morphology. (Fig. 5, C and D) . Large diameter vascular cysts were common in NeuYD tumors (Fig. 5C, black arrows) . Additional areas of degeneration (Fig. 5C, red arrow) were present in NeuYD tumors but were not observed in NeuYD;VEGF-25 tumors. Tumors accelerated by VEGF-25 had characteristic small fingers or nests of tumor cells surrounded by blood vessels. (Fig. 5D) . All of the NeuYD; VEGF-25 tumors appeared to have well defined boundaries defined by endothelial cells.
Mosaic Expression of Transgenic NeuYD and VEGF. The reason for the mosaic patterns of hyperplastic growth in developing NeuYD mammary epithelial trees was investigated by in situ hybridization. Elevated Neu RNA was detected in hyperplastic cellular masses but generally not in the epithelium with normally organized epithelial structures (Fig. 6, A, arrow and C) . The degree of cellular hybridization increased with decreasing epithelial organization and increasing neoplastic morphology, culminating in frank tumors that appeared nearly uniform in the cellular pattern of hybridization (data not shown). The VEGF transgene RNA was also detected in a nonuniform epithelial pattern although single-expressing cells in normal epithelial structures were common (Fig. 6B, arrows) . Endogenous VEGF RNA levels were generally at or below the threshold of detection of this method except in NeuYD tumors. Detection of transgenic Neu and VEGF 164 RNAs on sequential portions of the same bigenic mammary tissue revealed that the two transgenes had overlapping patterns of expression. Neither transgene appeared to be uniformly expressed in the early epithelial tubules. Small dysplastic nests of cells were positive for both Neu and VEGF. However, the hybridization pattern for both probes appeared nearly uniform in frank tumors ( Fig. 6E ; additional data not shown). Apoptotic areas of NeuYD tumors were identified by labeling of DNA breaks by the terminal deoxynucleotidyltransferase-mediated nick end labeling method (Fig. 6F) . Only a few scattered single apoptotic cells were observed in NeuYD;VEGF-25 tumor sections (data not shown). In situ hybridization revealed increased endogenous VEGF RNA surrounding apoptotic areas presumably caused by hypoxia, whereas transgenic VEGF was uniformly expressed in NeuYD;VEGF-25 tumors (Fig. 6E) .
These results indicate that the expression of the MMTV-driven NeuYD and VEGF transgenes are not uniformly expressed coincidentally with the hormonally driven mammary epithelial tree morphogenesis but rather are expressed in a mosaic pattern within mammary epithelial cells. Both transgenes appear more highly expressed in hyperplastic tissues and neoplasia. Differential NeuYD expression appears to be the cause of the nonuniform hyperplastic epithelial pattern.
Disruption of Tight Junction Organization in Hyperplasia and Neoplasia. The dramatic differences in vessel organization between control NeuYD mammary tissue and NeuYD;VEGF-25 bigenic mammary epithelia, and the transgenic VEGF expression in milk and the absence of increased VEGF serum levels, suggested that transgenic VEGF 164 may not be available to normal fat pad capillaries because of the organization of polarized epithelial junctions and the vectorial secretion of mammary luminal epithelial cells into the lumen. The influence of NeuYD-induced hyperplasia and neoplastic growth on epithelial junctional complexes was examined by immunohistochemical detection of the ZO-1 tight junction protein, E-cadherin, and cytoplasmic mouse keratin 18 (EndoB) to identify epithelial cells. Epithelial ducts of both NeuYD and NeuYD;VEGF-25 mammary tissues had the expected polarized organization of ZO-1 near the apical surface in appropriate cutting planes (Fig. 7A) . The ZO-1 distribution of organized ducts was not distinguishable from control, normal virgin ductal structure (data not shown). In addition, blood vessels stained with ZO-1 antibody were distinguished from epithelium by their lack of mouse keratin 18 reaction (Fig. 7B ). Hyperplastic tissues commonly had disorganized ZO-1 even in close proximity with relatively normal-appearing ductal structures (Fig. 7, A and B) . Because the dysplastic growth pattern of the epithelium is associated with NeuYD expression, the disruption of the tight junction organization appears to be an early consequence of NeuYD expression. ZO-1 was persistently expressed in tumors arising from the hyperplastic growths but was not found in an organized pattern (Fig. 7C) . In NeuYD;VEGF-25 tumors, ZO-1 was more organized around single or groups of tumor cells (Fig. 7D) . However, this organization colocalized with the increased density of blood vessels as revealed by the Bandeiraea simplicifolia lectin and CD31 reaction (Fig. 7, H and K) . The ZO-1 not associated with blood vessels in NeuYD;VEGF-25 tumors appeared as a punctate pattern similar to NeuYD tumors (Fig.  7H) . These results show that hyperplastic growth of the NeuYD; VEGF-25 epithelium is associated with disruption of the organization of tight junctions.
E-cadherin was found in the expected basolateral pattern of normal ductal structures of both NeuYD and NeuYD;VEGF-25 tissues (Fig.  7 , E and F; additional data not shown). E-cadherin continued to be expressed at intercellular surfaces of hyperplastic and neoplastic epithelial cells (Fig. 7, E-G) . The E-cadherin pattern was similar in both NeuYD and NeuYD;VEGF-25 tumors ( Fig. 7G; data not shown) . T-cadherin, a glycosylphosphatidyl inositol-linked cadherin found previously on mouse tumor blood vessels, was colocalized with CD31 in the normal mammary fat pad (data not shown) and in the vessels of NeuYD and NeuYD;VEGF-25 hyperplastic epithelium and in tumors (Fig. 7, I-L) . A and B, whole mount mammary tissues were stained with carmine to reveal epithelium in red. Arrows point to branches displaying abnormal dysplastic morphology. C, an unfixed, 45-day-old NeuYD;VEGF-25 bigenic female mammary fat pad was photographed before dissection from the skin, revealing a swollen lymph node (white arrow) and increased diffuse vasculature (arrows). D, after dissection, mounting, and staining, the pattern of the diffuse vessels corresponds to the hyperplastic mammary epithelium (black arrows). Ink perfused, carmine stained, whole mounted NeuYD (E) and bigenic NeuYD; VEGF-25 (F) mammary fat pads are shown. Note the close juxtaposition of the vessels with the hyperplastic growths in the bigenic animals (F). 
Accelerated Tumor Formation Does Not Reflect Increased Neu
Signaling. Because the early appearance of dysplastic mammary lesions in NeuYD mice is correlated with expression of the oncogene, the accelerated growth of NeuYD;VEGF tumors might reflect an indirect effect of increased NeuYD expression or signaling. However, immunoblot analysis of the levels of Neu, ErbB3, Akt, activated Akt, and Grb2 proteins in NeuYD tumors was not distinguishable from NeuYD;VEGF-25 tumors (data not shown). Thus, neither major alterations in expression of NeuYD and ErbB3 nor downstream signaling to Akt account for the more rapid growth of NeuYD;VEGF-25 tumors.
Decreased Hypoxia-Responsive Gene Expression in WellVascularized Tumors. To evaluate whether the increased vascularity of NeuYD;VEGF-25 tumors impacted tumor physiology, the mRNAs for a number of endothelial cell and metabolic cell markers in NeuYD and NeuYD;VEGF-25 tumors were measured by Q-PCR (Fig. 8) . The mRNAs for the endothelial cell markers vascular endothelial-cadherin (VE-cad), fetal liver kinase-1 (FIK-1), and CD31 were elevated approximately 5-fold in NeuYD;VEGF-25 tumors. T-cadherin mRNA expression was also increased, consistent with the histology and immunostaining results (Figs. 5 and 7) . Expression of several hypoxia-responsive genes was also analyzed. Endogenous VEGF mRNA expression (distinguished from transgenic VEGF 164 by its unique 3Ј noncoding region) was decreased 4-fold in NeuYD; VEGF-25 tumors. Expressions of glycolytic pathway components glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase-1 were also significantly reduced in these tumors, whereas glucose transporter 1 and hypoxia-inducible factor-1␣ expression were unchanged (Fig. 8) . Increased hypoxia and glycolysis are characteristics of tumors, and reduced expression of several hypoxiaresponsive genes in NeuYD;VEGF-25 likely reflects their increased perfusion.
Increased Vascularity Results in Tumor Cell
Colonization of the Lung. Lung tissues of tumor-bearing NeuYD and NeuYD; VEGF-25 mice were examined for evidence of metastasis. No metastatic lesions were found in the lungs of NeuYD animals (Table 2) . However, the lungs of NeuYD;VEGF-25 animals contained an average of 9.6 easily recognizable nests of tumor cells bounded by cellular borders and commonly located within vascular spaces (Table 2 ; Fig.  9, C and D) . The tumor cells of some of these emboli were identified by the expression of Neu RNA (Fig. 9, A and B) . The tumor cells of these emboli continued to grow to small tumors (Fig. 9D) , but none had clearly invaded surrounding tissues. Additional metastases in liver were not found in several of the VEGF;NeuYD animals, but a systematic examination of additional organs was not performed. The lung emboli were distinctive because some colonies were surrounded by CD31-positive endothelial cells within CD31-positive vascular spaces (Fig. 9, E and F) . Increased vascularization caused by transgenic VEGF 164 expression in tumor cells results in increased colonization of the lungs despite the decreased elapsed time between detection and sacrifice (13 Ϯ 4.6 days for NeuYD;VEGF-25 and 21 Ϯ 3.5 days for NeuYD). However, many tumor cell colonies were confined within a vascular boundary and failed to invade surrounding lung tissues at the time of animal sacrifice.
DISCUSSION
The expression of VEGF 164 led to increased vascularity and dramatically accelerated growth of mammary tumors. These findings confirm the importance of angiogenic signaling in mammary tumor development. However, moderate VEGF 164 expression in normal mammary luminal epithelial cells did not dramatically alter normal mammary development or the association of vessels with developing epithelial tubules. This moderation of the effect of transgenic VEGF 164 is likely because of the polarized vectorial secretion by luminal epithelial cells. The elevated expression of VEGF in the milk of lactating VEGF 164 transgenic mice and the absence of elevated VEGF in serum is supportive of this conclusion. The absence of elevated VEGF in the serum of tumor-bearing NeuYD;VEGF-25 transgenic mice may reflect the local deposition of VEGF 164 , which retains a heparin-binding domain and is commonly cell associated. The disruption of tight junction organization of luminal epithelial cells by oncogenic Neu correlates well with the increased vascularization of early hyperplasia. This early effect of activating Neu confirms in vivo the disruption of epithelial cell polarity observed in cultured epithelial cells (5) and mammary cell spheroid culture (32) . Disruption of epithelial polarity may be a key transforming event (33, 34) . Tight junction protein expression and organization has been implicated previously in human breast cancer progression (35, 36) and may be regulated at least in part by protein phosphatase 2A (37) , which interacts with Src, which in turn is activated by Neu. However, evidence for this possible pathway in mammary epithelial cells in vivo requires experimental confirmation.
The E-cadherin tumor suppressor protein continued to be expressed at tumor cell surfaces of NeuYD tumors. The persistent expression of E-cadherin may contribute to the compact growth behavior of NeuYD tumor cells. The increased metastasis of NeuYD;VEGF-25 tumor cells occurs despite persistent E-cadherin expression. However, it is not known whether the expression of E-cadherin also reflects continued signaling because E-cadherin signaling is also dependent on cytoplasmic catenin proteins.
In situ hybridization revealed that both the NeuYD oncogene and the VEGF 164 transgene are expressed in a mosaic pattern at the hyperplastic stage of tumor development. The differential expression of the NeuYD transgene in some mammary epithelial cells is the likely cause for the differential hyperplastic growth of some branches of the epithelial tree observed in young NeuYD females. However, the cellular expression patterns of the NeuYD and VEGF overlap in hyperplastic regions of the mammary epithelium. These results indicate that although the mammary epithelial specificity of the MMTV promoter is retained, the penetrance of cellular expression may depend on the particular integration site of the transgene. The disruption of the epithelial junctional organization by NeuYD likely permits transgenic VEGF to stimulate neighboring endothelial cells in the fat pad, resulting in close juxtaposition of vessels with the dysplastic epithelium. This greatly accelerates the development of tumors. The relatively uniform expression of both VEGF and NeuYD RNA in tumors may reflect either a selection for cells expressing both transgenes or a preferential activation of the MMTV-driven transgenes. We favor the former because we have found no evidence of stimulation of the MMTV promoter by activated Neu or the polyomavirus middle T antigen oncogenes (data not shown). However, the details of epigenetic restriction of integrated MMTV promoter transgenes remain to be elucidated.
The increased vascularization of NeuYD tumors by transgenic VEGF was confirmed with CD31 and T-cadherin staining as well as RNA analysis. T-cadherin was first implicated in neuronal guidance (38) but was also identified as a differentially expressed gene associated with tumor vasculature (39) . More recent data implicate Tcadherin in pathological angiogenesis. 6 The up-regulation of Tcadherin in the tumors parallels the vascular endothelial-cadherin, CD31, and fetal liver kinase-1 endothelial marker genes and raises the possibility that T-cadherin may be functionally important in tumor angiogenesis.
The increased tumor vasculature of NeuYD;VEGF-25 tumors has at least three major consequences. First, NeuYD tumor formation is greatly accelerated. NeuYD;VEGF-25 transgenic tumors grow with a distinctive morphology of nests of tumor cells essentially surrounded by endothelial cells. The distinctive morphology of VEGF-accelerated tumors resembles that of mammary tumor cell lines selected for increased metastasis (22) . This tumor morphology is derived from an early hyperplastic state in which vessels interdigitate small groups of tumor cells. The tumor expands in association with the vasculature. The increased association of endothelial cells with the tumor cells and the generally increased vascularity likely provide the environment necessary for budding of tumor cell emboli into the vasculature spaces.
The second distinctive characteristic of NeuYD;VEGF-25 tumors is the RNA expression profile, which reflects an increased perfusion of the tumors. Increased vascular endothelial-cadherin, T-cadherin, and CD31 RNAs reflect the increased vessel density. Phosphoglycerate kinase, glyceraldehydes 3-phosphate dehydrogenase, and endogenous VEGF RNAs are known to be regulated at least in part by hypoxia through the hypoxia-inducible factor-1␣ transcription factor. Induction of endogenous VEGF RNA in control NeuYD tumors was found in close proximity with regions undergoing apoptosis, presumably because of hypoxia and/or nutrient restriction. The relative decreases in phosphoglycerate kinase, glyceraldehydes 3-phosphate dehydrogenase, and endogenous VEGF RNA expression likely reflect increased oxygen and/or nutrient availability in NeuYD;VEGF-25 tumors. However, the glucose transporter 1 mRNA appeared to be expressed similarly in NeuYD and NeuYD;VEGF-25 tumors although glucose transporter 1 RNA is regulated in part by hypoxia-inducible factor-1␣ (40) . This may reflect a combination of increased perfusion and a dominant effect of oncogene transcriptional activation (41, 42) . The hypoxic response of phosphoglycerate kinase, glyceraldehydes 3-phosphate dehydrogenase, and endogenous VEGF may be less sensitive to oncogenic stimulation.
Although the increased progression, growth rate, and gene expression pattern of NeuYD;VEGF-25 tumors is consistent with an angiogenic stimulation of these tumors, VEGF 164 may have additional effects on nonendothelial cells. For example, high-level VEGF expression from the MMTV promoter results in male sterility associated with VEGFR receptor (VEGFR) 1 expression in certain spermatogenic cells and VEGFR1 and VEGFR2 in Leydig cells of the testis (31) . Males of the VEGF-89 line had the same phenotype (data not shown). Furthermore, VEGF 165 binds to neuropilin-1 that cooperates with VEGFR2 (43) and can directly effect the survival of some human breast cancer cell lines (44) . It is possible that VEGF 164 could promote NeuYD tumor growth directly. However, immunohistochemical staining for VEGFR2 was found in endothelial cells not tumor cells (data not shown), and we have not found a stimulatory effect of VEGF on the growth of NeuYD tumor cells in cell culture (data not shown). These observations and the decreased expression of hypoxic-responsive genes support increased vessel density as the primary mechanisms of NeuYD tumor acceleration.
The third consequence of increased vascularization of NeuYD; VEGF-25 tumors is the increase in metastasis of tumor cell emboli to the lung. This process closely resembles the invasion-independent metastasis described previously for highly vascularized and metastatic tumors (22) . Under a heavy tumor burden at 30 -60 days after tumor detection, NeuYD tumors do not metastasize efficiently to the lung (4). In this study when mice were sacrificed earlier, lung metastases were not detected in NeuYD animals. However, many small emboli of tumor cells were found in VEGF;NeuYD-25 lungs. Mitotic figures and some larger colonies indicate tumor cells continue to grow expansively. However, it remains to be determined whether such tumors will be invasive because their continued expression of VEGF 164 would be expected to continue to attract endothelial cells. Although increased vascularity clearly facilitates metastasis in NeuYD animals, forced VEGF expression did not cause pancreatic tumors to metasta-
